differentiation of naive CD4 + T cells into Tregs with suppressive function. This differentiation was independent of pDC production of IFN-a and primarily dependent on pDC expression of indoleamine 2,3-dioxygenase, which was induced through the TLR/MyD88 pathway, following binding of HIV to CD4 and triggering of TLR7 by HIV genomic RNA. Functionally, the Tregs induced by pDCs were shown to inhibit the maturation of bystander conventional DCs. This study therefore reveals what we believe to be a novel mechanism by which pDC may regulate and potentially limit anti-HIV immune responses.
Introduction
Plasmacytoid DCs (pDCs) constitute a crucial subset of APCs involved in the antiviral immune response. Human pDCs express the pattern recognition receptors TLR7 and TLR9, allowing them to respond to virus-associated single-stranded RNA and unmethylated CpG DNA, respectively, and are the main source of type I interferon upon viral infection. pDCs are believed to play an important role in recognition of HIV-1, as they secrete high amounts of IFN-α (1, 2) and other immune mediators in response to infection (1) . HIV recognition by pDCs is likely mediated by the innate receptor TLR7 and requires its endocytosis followed by endosomal acidification (1) . Despite the ability of HIV to activate pDCs, the number of circulating pDCs, as well as conventional DCs (cDCs), decreases during primary as well as chronic HIV infection, perhaps due to migration to infection sites and/or apoptosis (3) . In contrast to pDCs, cDCs that also express TLR7 are not activated by HIV. However, HIV-activated pDCs (HIV-pDCs) can induce bystander maturation of cDCs through the secretion of IFN-α and TNF-α (2), suggesting a role for pDCs in regulating the maturation of and possibly antigen presentation by cDCs.
The role of pDCS in adaptive immunity, and particularly their capacity to present antigen, is still debated. It has been suggested recently that human pDCs can cross-present HIV antigens to CD8 + T cells (4) . In other studies, pDCs were shown to induce either Th1 or Th2 responses from naive CD4 + T cells (2, 5, 6) , depending upon the stimulus. In contrast, several studies have documented a role for activated pDCs in the induction of CD4 + or CD8 + Tregs, both in vitro (7) (8) (9) (10) and in vivo (11) . For example, pDCs cultured in the presence of IL-3 and activated by CD40L induce the differentiation of CD8 + (7) or CD4 + Tregs (8) from naive cells. Ligation of TLR9 by unmethylated CpG oligonucleotides activates pDCs and can also induce the generation of CD4 + Tregs (8, 10) . A recent study in mice suggests that pDCs can mediate the tolerization of alloantigenspecific T cells by inducing Foxp3 + Tregs in vivo (11) . Finally, viral activation of pDCs by herpes simplex virus 1 (HSV1) leads them to induce allogeneic CD4 + T cells to differentiate into cytotoxic Tregs, a phenomenon that is partially dependent on IL-10 and inducible costimulatory molecule ligand (ICOS-L) (9) . These data indicate that pDCs have an inherent plasticity, inducing a diversity of responses that are partially stimulus dependent. Apparently, pDCs limit the induction of overly intense immune responses in certain situations through the generation of immunoregulatory Tregs.
Immune activation in HIV has been associated with expression of the activation marker CD38 on CD8 + T cells, and a direct correlation between CD8 + T cell activation levels and disease progression levels has been confirmed in many studies (12) (13) (14) . We investigated whether HIV-stimulated pDCs can regulate the levels of immune activation by promoting the differentiation of regulatory CD4 + T cells. In this study, we show for the first time to our knowledge that pDCs induce the development of Tregs from naive CD4 + T cells, primarily through expression of indoleamine 2,3 dioxygenase (IDO), a component of the enzymatic pathway involved in the catabolism of tryptophan. Tryptophan depletion and generation of immunoactive kynurenine metabolites by IDO have been shown to suppress proliferation of activated T cells, and IDO expression by fetal tissues and tumors participates in the downregulation of immune activation in these settings (15, 16) . Moreover, a recent study described IDO expression in pDCs of HIV-infected patients that was responsible for decreased mitogenic responses in their PBMCs (17) .
Our study uncovers what we believe to be a novel role of IDO expression in pDCs through the generation of Tregs that can suppress CD4 + T cell proliferation. We also demonstrate that pDC-induced Tregs can impair maturation of cDCs, potentially limiting their antigen presentation and thereby enhancing the overall suppressive effect of Tregs. Our data suggest that pDCs play a dual role, enhancing innate and adaptive immune responses to HIV, while simultaneously limiting the extent of immune activation through generation of Tregs.
Results

HIV-pDCs induce the generation of Tregs from naive CD4 + T cells. We
first evaluated whether HIV-exposed pDCs could induce Tregs from naive CD4 + T cells. Purified pDCs (donor A) were activated for 2 days by Aldrithiol-2-inactivated HIV (AT-2 HIV), and the TLR agonists CpGB or resiquimod (R-848, a TLR7/8 agonist). They were subsequently added to allogeneic naive CD4 + T cells (donor B). After 7 days, responding T cells were added to a primary mixed lymphocyte reaction (MLR) consisting of irradiated PBMCs (donor A, "stimulator") and naive CD4 + T cells (donor B, "responder"). As shown in Figure 1A , CD4 + T cells stimulated with AT-2 HIV-activated pDCs displayed poor proliferative responses upon restimulation and could partially suppress the proliferation of naive CD4 + T cells in the MLR or block blast formation upon stimulation of naive CD4 + T cells (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI34823DS1). Similar results were obtained regardless of whether the pDCs in the first culture were stimulated with AT-2 HIV, CpG, or resiquimod. In contrast, T cells stimulated during the first culture with unactivated pDCs did not show high proliferative responses upon restimulation, nor did they suppress the MLR response in the second culture. T cells primed by HIV-pDCs inhibited the proliferation of naive CD4 + T cells in a dose-dependent fashion ( Figure 1B ) and contained a population of Foxp3 + CD127 lo cells compatible with a Treg phenotype ( Figure 1C ) (18, 19) . This population constituted less than 1% up to 15% of the whole population, depending on the experiment, thereby accounting for the fact that higher ratios of Tregs to naive T cells were needed to achieve significant suppression. Foxp3 expression was most evident after day 5, when most Foxp3 + cells also expressed CD25. However, at later time points, a distinct population of cells expressing Foxp3 only remained (Supplemental Figure 2) .
The pDC-primed T cell population could be further separated into CD25 hi and CD25 lo cells. Suppressive activity for the MLR was contained within the CD25 + population ( Figure 1D ). Transwell experiments showed that the Tregs generated by original HIV-pDCs inhibit naive CD4 + T cell proliferation in a contactdependent manner ( Figure 1E ).
The pDC line GEN2.2 is activated by HIV and artificial TLR agonists, similar to blood-derived pDCs. The human pDC line GEN2.2 (GEN) was described previously (20) and shares most phenotypic and functional attributes of normal pDCs. GEN cells secreted IFN-α in response to artificial TLR agonists and to HIV (Figure 2A ), like primary pDCs. They mature phenotypically upon incubation with HIV or AT-2 HIV, as shown by upregulation of CD80 and CD40 ( Figure 2 , B and C) and CCR7 and CD83 (Supplemental Figure 5 ). Activation of GEN cells with HIV also induced Treg generation ( Figure 2D ), and such cells were used further as a model for studying Treg generation by HIV-pDCs, in parallel with primary pDCs.
Mechanisms of Treg suppression and generation.
In order to investigate the mechanisms of Treg generation, known pathways implicated in the generation of Tregs were blocked using specific inhibitors and blocking antibodies. Blocking the type I interferon pathway with neutralizing antibodies against IFN-α, IFN-β, and IFN-α/β receptor during pDC activation and culture with naive T cells did not inhibit the generation of Tregs ( Figure 3A ). As it has been shown that tumor-derived cyclooxygenase-2 (COX-2)/ PGE 2 could modulate Foxp3 expression and Treg activity in some cancers (21) , we examined whether blocking this pathway could inhibit Treg generation. Inhibiting the COX-2/PGE 2 pathway by addition of EP2 and EP4 antagonists (AH1 and AH2) and indomethacin did not have any significant effect on the differentiation of Tregs ( Figure 3B ). Glucocorticoid-induced TNF receptor (GITR) and TGF-β inhibition using blocking antibodies did not affect Treg generation, while neutralizing antibodies against IL-10, CTL antigen 4 (CTLA-4), and ICOS-L only partially inhibited Treg generation ( Table 1) .
Expression of IDO by DCs has been shown to confer tolerogenic stimuli in various settings (22) (23) (24) , and it was recently shown that HIV-pDCs express functional levels of IDO (17) . Indeed, activation of GEN cells by HIV or the TLR7/8 agonist resiquimod induced transcription of IDO ( Figure 4A ). IDO protein was also induced in primary pDCs by HIV and resiquimod ( Figure 4B ). In our hands, the fusion protein CTLA-4-Ig did not induce or enhance IDO expression by pDCs ( Figure 4B ), as it did not induce or enhance IDO expression and function by monocyte-derived DCs (moDCs) (Supplemental Figure 3 ). Adding the specific inhibitor 1-methyltryptophan during the Treg generation culture significantly inhibited the differentiation of Tregs ( Figure 4C ). Furthermore knockdown of the expression of IDO by siRNA in GEN cells prevented generation of Tregs ( Figure 4D ). Because recent studies showed that ICOS-L upregulation on pDCs was responsible for the generation of IL-10-secreting T cells with a suppressive activity (8), reduction of ICOS-L expression was also tested using specific siRNA in pDCs. Knockdown of ICOS-L expression by siRNA did not influence the suppressive activity of the T cells generated in the primary culture. siRNA-mediated knockdown of TLR7 and MyD88 (but not TLR9) also showed that IDO transcription is at least partially dependent on the TLR7/MyD88 pathway, which is activated by HIV in pDCs ( Figure 4E ) (1) . In order to investigate the importance of viral entry and confirm the role of endosomal activation of TLR7 for IDO expression, blocking of the pathway was performed at 3 levels. Interaction of the viral envelope with CD4 was prevented by addition of a neutralizing anti-CD4 antibody and a human anti-gp120 antibody (b12) (1). As endosomal acidification/maturation is required for TLR7 signaling (25) and HIV activation of pDCs (1), it was inhibited using the weak base chloroquine. Finally, TLR7 signaling was blocked using the specific inhibitory oligonucleotide IRS 661 (26) . As shown in Figure  4F , blocking endosomal acidification by chloroquine or TLR7 signaling by IRS 661 completely blocked HIV-induced expression of IDO, whereas blocking the CD4-envelope interaction almost completely abrogated IDO expression. Accordingly, secretion of IFN-α and TNF-α was also inhibited in these conditions (data not shown). Together, these data show that IDO is induced through activation of the TLR7/MyD88 pathway after viral entry and delivery into an acidic compartment.
Tregs generated by HIV-pDCs can suppress the phenotypic maturation of cDCs. It has been shown that peripheral CD4 + CD25 hi cells can inhibit the cDC, but not the pDC, maturation program (27) .
We therefore tested whether HIV-pDC-induced Tregs could also influence pDC and cDC maturation. pDCs were activated by CpG and moDCs by LPS or resiquimod, with or without preincubation with CD3-stimulated Tregs ( Figure 5 ). As a control, T cells stimulated by anti-CD3/CD28 antibodies were added instead of Tregs. As shown in Figure 5A , Tregs and control T cells both tended to partially inhibit pDC maturation, as measured by CD83 and CD40 upregulation, although the inhibition did not reach statistical significance, and they both induced some level of activation in pDCs by themselves. On the contrary, neither subset of T cells matured moDCs in the absence of TLR stimulation (as measured by CD86 and CD83 upregulation). However, Tregs impaired maturation of moDCs induced by resiquimod ( Figure 5B ) and LPS (data not shown), whereas non-Tregs were not inhibitory.
Together, these data demonstrate that HIV-pDCs can generate Treg from naive CD4 + T cells in a TLR7- and IDO-dependent manner. They also show that these Tregs can inhibit the maturation of cDCs, highlighting their complex role during HIV infection. pDCs that encounter HIV therefore not only help mount a vigorous innate immune response but can simultaneously restrict such responses through various Treg-dependent mechanisms. 
Discussion
The status and role of Tregs in HIV infection is still debated. In models of retroviral infection in mice and cats (28) (29) (30) and in HIVinfected humans (31) , certain populations of Tregs are involved in specific immune suppression. Indeed, removal of CD4 + CD25 + T cells in HIV-infected humans and SIV-infected macaques enhances antiviral immune responses as measured in vitro (32) . On the other hand, Tregs could play a beneficial role during HIV infection by limiting general immune activation (33) . Indeed, recent results have documented the accumulation of increased numbers of Tregs in lymphoid tissues, including gut-associated lymphoid tissues in HIV-infected humans and SIV-infected macaques (34, 35) , where they could participate in dampening chronic T cell activation.
How these Tregs are generated during the course of HIV infection is an unresolved question, but our data suggest that pDCs may participate in their differentiation from naive CD4 + T cells. We demonstrate here that HIV-pDCs can induce the differentiation of Tregs from naive CD4 + T cells, which can then suppress proliferative CD4 + T cell responses and DC maturation. IDO expression by pDCs is required for Treg differentiation and is induced in pDCs after endocytosis of HIV via CD4-gp120 interactions, followed by TLR7/ MyD88 triggering in acidic endosomal compartments.
Our results are in line with previous observations showing that pDCs can induce Treg differentiation when activated by viral stimulation, TLR triggering, or CD40-L engagement (7-10). As in these prior studies, we cannot formally exclude that the highly purified naive population contained some undetectable Tregs that expanded upon culture with activated pDCs. In a recent mouse tumor study, IDO-expressing pDCs from tumor-draining lymph nodes were able to activate resting Tregs from non-tumor-bearing mice (36) to suppress specific immune responses. Whether pDCs induce de novo differentiation or expansion of Tregs, the resulting population of Tregs displays a potent suppressive activity that can impact on T cell proliferation and DC maturation.
Previous studies have implicated ICOS-L, IL-10, and CTLA-4 in the differentiation or activation of Tregs by pDCs (8, 9, 36) , but blocking of these different pathways only induced partial (and minor) reversal of the suppressive activity, suggesting that synergistic and/or sequential activation of each of these pathways was responsible for the modest effects observed. Instead, the mechanisms responsible for Treg generation were shown to primarily involve IDO upregulation by pDCs, as demonstrated by siRNAmediated knockdown of IDO. IDO gene transcription is dependent on TLR7 and MyD88 signaling, indicating that HIV may signal through TLR7/MyD88 to induce transcription of the IDO gene. Further cognate interaction with activated or Tregs may induce a so-called "reverse signaling" (initiated by engagement of CTLA-4 with CD80/CD86 or CD40 with CD40-L) in pDCs to activate the noncanonical NF-κB pathway (37) (38) (39) and induce full functional activity of IDO (40) . IDO activity and tryptophan depletion may in turn induce GCN2 activation in T cells and Treg differentiation as part of a complex feedback loop (41) . These pathways warrant further investigation of HIV-induced Treg generation by pDCs.
The fact that IDO expression by pDCs is implicated in Treg generation is compatible with a recent report showing that HIV- or AT-2 HIV-stimulated pDCs express IDO, contributing to decreased T cell mitogenic responses by PBMCs from HIV-infected subjects (17) . However, this study did not address the role of IDO in Treg generation. In some tumor models, IDO expression by tumor cells (42) , or by pDC in the tumor-draining lymph node (24, 36) , has also been shown to be responsible for induction or activation of Tregs. Our study adds virus infection as an additional trigger for IDO-dependent, pDC-mediated Treg differentiation.
In this study, we also demonstrate that pDC-induced Tregs are able to suppress cDC activation by TLR agonists. The mechanisms responsible for the suppression are still to be uncovered. In recent studies of circulating CD4 + CD25 + Tregs, several pathways have been implicated in the suppression of DC maturation. Thus, LAG-3 expressed by Treg can engage MHC-II on dendritic cells, inducing the recruitment of the phosphatase SHP-1 and dampening DC maturation (43) . In another study, Tregs suppressed DC cytokine secretion in an IL-10-dependent fashion and inhibited DC phenotypic maturation in a contact-dependent fashion, but independently of TGF-β and CTLA-4 (27) . Recent work has also uncovered a role for the ectonucleotidase CD39 and CD73 expressed by Tregs in the generation of ATP metabolites (44) , which suppress DC maturation through triggering of adenosine receptors (45) . Investigation of the mechanism of Treg suppression of cDC maturation is currently under way.
It has previously been shown that Tregs can induce functional IDO expression in cDCs through CTLA-4 (46), providing another means by which pDC-induced Tregs could control the HIV immune response, that is, by inducing IDO expression in bystander DCs and generation of a suppressive microenvironment. The consequences of maturation suppression, therefore, can range from decreased presentation of HIV antigens or other microbial antigens to further induction of Tregs. The sum of these effects probably depends on the timing and place of cDC-Treg encounter, as TLR-stimulated cDCs can secrete cytokines preventing Treg suppression (47) , and Tregs themselves can be directly suppressed by TLR triggering (48) . An interesting observation is that HIV can enhance survival of Foxp3 + Tregs in vitro (35) , possibly through TLR7/8 triggering (1, 48) , thereby potentially contributing to Treg perpetuation.
A recent study in SIV-infected macaques described increased mRNA levels of Foxp3 and CTLA-4 in secondary lymphoid organs and colon tissue, in association with increased IDO levels (34) , suggesting the localization of Tregs expressing high levels of these transcripts. The lower circulating pDC numbers observed in human primary or chronic HIV infection may be due to recruitment of pDCs to mucosal or associated lymphoid tissues (3), where pDCs could prime naive T cells toward Th1 (2, 5) and Treg
Figure 3
Mechanism of generation of Tregs. (A) Naive CD4 + T cells were stimulated as in Figure 1A , in the presence or absence of neutralizing antibodies against IFN-α and IFN-β and IFN-α/β receptor (α-IFN + α-IFNR). Responding T cells were added to a primary MLR as described in Figure 1A , and proliferation was measured after 5 days by thymidine incorporation. *P < 0.01, Student's t test, compared with proliferation of naive T cells. (B) Percentage of Foxp3 + CD127 lo cells in CD4 + T cells stimulated by unactivated (-) or AT-2 HIV-activated pDCs, in the presence of the EP2 and EP4 antagonists AH6809 (AH1) and AH23848 (AH2) or of the COX-2 inhibitor indomethacin (indo). Results of 2 of 4 experiments are shown as contiguous white and black bars for each condition. differentiation pathways. Importantly, our data are consistent with the concept that there is a dichotomy in the pDC response to HIV: production of proinflammatory factors to stimulate innate and adaptive antiviral immune responses (1) versus induction of pathways to limit an excessive response. These latter pathways may be critical for regulating the harmful chronic T cell activation characteristic of progressive HIV disease. It will be important to examine pDC-specific transcripts for IDO within circulating or tissue-derived pDCs in HIV-infected humans and determine whether pDCs have the capacity to induce Tregs ex vivo. This information may help determine whether generation of Tregs by pDCs represents a significant factor in regulating HIV replication and DC maturation in vivo.
Methods
Cells and reagents
Cells. PBMCs were separated by density gradient centrifugation on a Ficoll-Hypaque (Amersham Biosciences) from leukocyte-enriched buffy coats obtained from the New York Blood Center. The pDCs were purified by BDCA-4 magnetic bead separation (Miltenyi Biotec) as described previously (1), with a purity ranging from 70% to 98% (performed on buffy coats from at least 15 donors) (Supplemental Figure 4 ). Immunophenotyping of cells was done in PBS/0.1% BSA (Sigma-Aldrich), and they were identified as BDCA-2 + (Miltenyi Biotec) and CD123 + (BD Biosciences - Pharmingen) cells. The pDC line GEN has been described previously (20) and was cultured with the MS-5 feeder cell line in RPMI 1640 GlutaMAX (Invitrogen) supplemented with sodium pyruvate, gentamicin, nonessential amino acids, and 10% FCS (Invitrogen).
Naive CD4 + T cells were purified in 2 steps from PBMCs. Naive CD4 + T cells were enriched using the Naive CD4 Isolation Kit (Miltenyi Biotec). After enrichment, cells were stained and naive cells were sorted on a FACSAria (BD) as cells negative for CD8, CD56, CD11c, CD14, CD25, CD45RO, CD123, CD19, and HLA-DR and positive for CD45RA. The sorted cells were more than 98% CD4 + CD45RA + . moDCs were differentiated as previously described (2) . Monocytes were purified from PBMCs by 2 hours of adherence and were cultured with 300 U of IL-4/ml (Immunex) and 100 IU of GM-CSF/ml (Schering-Plough) for 5 days to obtain monocyte-derived immature DCs. Virus. Virions of HIV-1MN (X4-tropic, lot 3941) were produced from the HIV-1 CEMX174 (T1) cell line as previously described (1, 2) . Briefly, virions were purified by sucrose gradient ultracentrifugation after cells were removed from harvested cell cultures by tangential flow filtration or by clarification. The virus-containing fractions, as determined by the UV profile and sucrose density, were pooled and centrifuged at 18,000 g (Beckman continuous flow rotor model CF32Ti) for 1 hour to pellet the virus.
The resulting viral pellet was resuspended in TNE buffer (0.01 M Tris-HCl [pH 7.2], 0.1 M NaCl, and 0.1 mM EDTA in Milli-Q water [Millipore]) to a final 1,000-fold concentration relative to the original volume of cell culture fluid. Aliquots were stored in liquid nitrogen vapor. Samples were titrated for the presence of infectious virus using AA2CL.1 cells and HIV-1 p24 antigen capture kits (AVP; National Cancer Institute). For preparation of noninfectious virus (AT-2 HIV-1, lot 3937) with functionally intact envelope glycoproteins, virus was inactivated by treatment with 1 mM 2,2′dithiodipyridine (AT-2; Sigma-Aldrich) and purified and concentrated like nontreated HIV-1 as previously described (49) .
Inhibitors. 1-Methyl-dl-tryptophan (1-MT) was purchased from Sigma-Aldrich and used at a concentration of 200 μM. The neutralizing antibodies against human IFN-α/β receptor chain 2 (CD118), human IFN-β (MMH-3), and human IFN-α (MMHA-2) were purchased from PBL InterferonSource and used at 10 μg/ml. Neutralizing antibodies against TGF-β1, IL-10, and GITR were purchased from R&D Systems, while the antibody against CTLA-4 was from Ancell and that against ICOS-L was from eBioscience. They were all used at 10 μg/ml. The EP2 and EP4 antagonists AH6809 and AH23848 were purchased from Cayman Chemicals, and the COX-2 inhibitor indomethacin was from Sigma-Aldrich. All were used at 25 μM.
Treg generation and Treg assay
Purified primary pDCs or the GEN cells were activated for 18 hours by 300 and 600 ng/ml p24 equivalent AT2-HIV and extensively washed, before being added to allogeneic naive CD4 + T cells at a 1:20 ratio in 96- (2 × 10 5 T cells) or 24-well (2 × 10 6 T cells) plates for 7 days in complete medium. GEN cells were treated with mitomycin C (Sigma-Aldrich) before addition to the T cells. Staining for Foxp3 was performed using the Foxp3 staining kit from eBioscience according to the manufacturer's instructions. CD25 + cells were purified using the CD25 + enrichment kit from Miltenyi Biotec according to the manufacturer's instructions.
Figure 5
pDC-induced Tregs inhibit moDC maturation. Tregs generated by AT-2 HIV-activated pDCs were incubated for 24 hours with either pDCs (A) or moDCs (B). The DC subsets were then stimulated with CpGB (A) or resiquimod (B). (A) pDCs were stimulated with increasing doses of CpGB (0, 0.2, 0.4, 2 μg/ml), and their expression of CD40 and CD83 was measured by flow cytometry after 1 day, in the gated CD123 hi population (1 representative experiment For the Treg suppression assay, Tregs generated during the culture with HIV-pDCs were mixed with 2 × 10 5 naive CD4 + T cells from the same donor in 96 round-bottom wells and stimulated either by antibodies against CD3 (1 μg/ml) and CD28 (0.5 μg/ml; BD Biosciences -Pharmingen) or by irradiated PBMCs from the same donor as the pDCs used for Treg generation.
For Transwell cultures, Tregs were placed in the upper chamber of an HTS Transwell-96 (0.4 μm) plate (Corning) and naive CD4 + T cells in the lower chamber, before stimulation by CD3 and CD28 antibodies.
